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Abstract
Cardiovascular implantable electronic device (CIED) infection and prosthetic valve endocarditis (PVE) remain a diagnostic challenge. Cardiac imaging plays an important role in the diagnosis and management of patients with CIED infection or PVE. Over the past few years, cardiac radionuclide imaging has gained a key role in the diagnosis of these patients, and in assessing the need for surgery, mainly in the most difficult cases. Both 18F-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) and radiolabelled white blood cell single-photon emission computed tomography/computed tomography (WBC SPECT/CT) have been studied in these situations. In their 2015 guidelines for the management of infective endocarditis, the European Society of Cardiology incorporated cardiac nuclear imaging as part of their diagnostic algorithm for PVE, but not CIED infection since the data were judged insufficient at the moment. This article reviews the actual knowledge and recent studies on the use of 18F-FDG PET/CT and WBC SPECT/CT in the context of CIED infection and PVE, and describes the technical aspects of cardiac radionuclide imaging. It also discusses their accepted and potential indications for the diagnosis and management of CIED infection and PVE, the limitations of these tests, and potential areas of future research.
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Core tip: Cardiovascular implantable electronic device infection and prosthetic valve endocarditis remain a diagnostic challenge. This review article describes the evolving role of cardiac radionuclide imaging in the diagnosis and management of cardiac infections. It focuses on recent published studies, indications and limitations of both 18F-fluorodeoxyglucose positron emission tomography/computed tomography and radiolabelled white blood cell single-photon emission computed tomography/computed tomography.

Sarrazin JF, Philippon F, Trottier M, Tessier M. Role of radionuclide imaging for diagnosis of device and prosthetic valve infections. World J Cardiol 2016; In press


INTRODUCTION
Cardiovascular implantable electronic device (CIED) infection and prosthetic valve endocarditis (PVE) carry significant morbidity and mortality as well as substantial financial burden to the society[1]. In some cases, establishing the diagnosis might be challenging since cultures are not always positive and they do not necessarily imply that the device/leads or heart valves are infected. Since device/lead extraction and repeat cardiac surgery are associated with significant risks, it is important to confirm the diagnosis and to plan the appropriate treatment. Cardiac imaging plays an important role in the pre-operative evaluation of patients with CIED infection and PVE. Radionuclide imaging has evolved over the past few years as an additional tool to confirm or exclude prosthetic infection and to guide the most appropriate clinical management, either complete removal or conservative treatment. In their 2015 guidelines for the management of infective endocarditis (IE), the European Society of Cardiology (ESC) addressed the use of nuclear medicine imaging for the diagnosis of IE[1]. The main objectives are to position 18F-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) and white blood cell single-photon emission computed tomography/computed tomography (WBC SPECT/CT) imaging in clinical practice and to review the actual knowledge and recent studies as well as to address areas of future research.

CLINICAL PRESENTATION AND DIAGNOSIS OF CARDIAC INFECTIONS
CIED infection and PVE remain a diagnostic challenge. The clinical presentation can be highly variable because of multiple potential causative microorganisms, the presence of documented heart disease, cardiac devices or prosthetic valves, different modes of presentation, and sometimes non-specific symptoms at the time of initial presentation. The modified Duke criteria are considered the gold standard for the diagnosis of endocarditis[2,3]. However, the early diagnostic accuracy is often suboptimal with several patients being misclassified[4]. This is true mainly in patients with CIED infection and PVE. The early diagnosis of IE is imperative since postponement of antibiotic therapy and/or surgery can lead to a poor outcome[5,6].
A high level of expertise is required and it often includes cardiologists, nuclear medicine specialists, electrophysiologists, cardiac surgeons and infectious disease specialists. The concept of a “Heart Team approach” or “Endocarditis Team” has been proposed to improve the diagnosis and management of CIED infection and PVE. The use of a multidisciplinary task force with a well-defined protocol has been shown to decrease the 1-year mortality of patients with IE from 18.5% to 8.2%[7].
In addition, cardiac imaging plays an essential role in the diagnosis and management of IE. In recent guidelines, transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE) remain the initial recommended imaging techniques for the diagnosis of IE (class I indication, level of evidence B)[1]. Some echocardiographic information is included as major criteria for the diagnosis of IE. The sensitivity for the identification of vegetations with TTE is 75% for native valves, but may be lower in patients with poor echogenicity or prosthetic valves or very small vegetations[8]. On the other hand, the sensitivity of TEE is superior at 85%-90%. However, a negative echocardiography does not rule out IE, and it has been recommended to repeat the TEE 3 to 5 d later or sooner when there is a high suspicion of IE or a change in the clinical status (class I, level of evidence B)[9]. In addition, non-infective vegetations such as strands or thrombi on valvular prosthesis or leads can lead to a false diagnosis of IE in up to 15% of cases[4]. These findings highlight the limitations of echocardiography and the potential benefits of other imaging techniques in such instances.
Investigation of patients with IE can also include other imaging techniques, such as multislice computed tomography for detection of abscesses or pseudoaneurysms, magnetic resonance imaging for detection of cerebral lesions, 18F-FDG PET/CT, and radiolabelled WBC hybrid SPECT/CT imaging.

USE OF CARDIAC NUCLEAR IMAGING IN CARDIAC INFECTIONS
PET imaging has been used for cancer diagnosis and staging and to detect infection in orthopaedic prostheses. In cardiology, it is used to evaluate myocardial viability, ischemia and to identify infection associated with vascular grafts, CIED and prosthetic valves.
With the combination of radionuclide imaging to CT scan (hybrid technology), nuclear imaging has provided significant supplementary information in patients with suspected IE. Two radionuclide imaging techniques are presently used in the diagnosis of CIED infection and PVE: (1) radiolabelled WBC SPECT/CT using either 111In-oxine or 99mTc-hexamethylpropyleneamine oxime (HMPAO); and (2) 18F-FDG PET/CT.
WBC SPECT/CT imaging uses autologous radiolabelled leukocytes (111In-oxine or 99mTc-HMPAO) that are injected intravenously back to the patient to look for infection in the body by imaging gamma rays. The accumulation of radiolabelled leukocytes is time-dependent between initial and late images. Planar images are obtained from different angulations with subsequent SPECT acquisition, 3D reconstruction and fusion with low-dose CT for further anatomical localization and attenuation correction. Figure 1 shows the differences between planar scintigraphy, conventional SPECT imaging and hybrid SPECT/CT. The sensitivity of this test depends on neutrophil granulocytes accumulation and is higher during acute infection. Studies have shown that cells participating in infection and inflammation, mainly neutrophils and macrophages, are able to express a great amount of glucose transporters, mainly GLUT1 or GLUT3 as well as hexokinase activity[10-14]. WBC SPECT/CT using 99mTc-HMPAO is performed 4 h following injection of radiolabelled leukocytes, although images at 24 h are possible but with loss of some image quality, whereas WBC SPECT/CT using 111In-oxine allows imaging up to 72 h with potentially better sensitivity (typically performed at 4, 24 and sometimes 48 h). This is based on the half-life of each radioactive isotope, being 6 h for 99mTc and 67 h for 111In. WBC SPECT/CT allows a higher specificity for the identification of active infection. However, leukocytes radiolabelling is more time-consuming. It also associated with manipulation of blood products.
18F-FDG PET/CT is a well-known non-invasive imaging technique that allows 3D calculation of metabolic activity within the body obtained from the emission of positrons subsequent to the disintegration of a radioactive compound. 18F-FDG is a glucose analogue, which is incorporated and retained within cells with a high metabolic activity, such as inflammatory cells. It is usually performed approximately 1 h after the injection of 18F-FDG. This tracer is actively incorporated by leukocytes, macrophages and CD4+ T-lymphocytes located at areas of infection via glucose transporters, primarily GLUT 1 and GLUT3, which are insulin sensitive and present in the myocardium[12-14]. Inside the cells, 18F-FDG is phosphorylated and remains intracellular without further transformation.
Each technique has advantages and weaknesses for the identification of active infection in cases of presumed PVE (Table 1). 18F-FDG PET/CT has the convenience of a shorter procedure time and a high sensitivity for the identification of hypermetabolic areas. It also has an excellent spatial resolution. However, it does not discriminate enough between infection and inflammation, mainly in the first few months postoperatively. Also, evaluation of 18F-FDG uptakes around cardiac valves can be more difficult if residual physiological myocardial uptake is present. For this reason, it is recommended to prepare the patient with the Atkins diet, which is a low-carbohydrate diet[15]. It is also suggested injecting a heparin bolus before administration of 18F-FDG. Unfractionated heparin increases plasma free fatty acids via activation of lipoprotein and hepatic lipases[16]. This can lead to a reduction in glucose consumption within the normal myocardium 

Technical aspects
In the literature, there are significant variations in the 18F-FDG PET/CT protocols used. Normally, 18F-FDG PET/CT is performed after a fasting period of 8 to 12 h. Eating foods rich in fat but very low in carbohydrates the evening prior to the exam is suggested in order to decrease the physiological uptake of 18F-FDG within the myocardium[17]. Patients should avoid bread, cereals, pasta, potatoes, rice, beans, fruit juice, chewing gum and drinking alcohol. Unfractionated heparin (50 IU/kg) can also be administered intravenously 15 min prior to 18F-FDG injection in an attempt to reduce more the physiological uptake. PET imaging is usually performed 1 h after the injection of 4-5 MBq/kg of 18F-FDG. Simultaneously, a whole-body low-dose CT without intravenous contrast is carried out for correction of attenuation and anatomic localization. The capillary glucose is measured, and patients receive an insulin injection if the fasting glucose is above 7.7 mmol/L or 140 mg/dL. The analysis is then performed using dedicated softwares. Both attenuation-corrected and non-attenuation-corrected images are reviewed in order to recognize potential artefacts that could be related to close proximity of objects of high density, such as device generator or prosthesis. A visual analysis is first performed to identify sites of hypermetabolic or abnormal 18F-FDG uptakes in close proximity to prosthetic valves and device generator/leads with further confirmation in the uncorrected images. In patients with CIED, focal uptake can be further classified based on the location (pocket infection, lead infection or both). Then, semi-quantitative analyses are done to measure the maximal standardized uptake value (SUVmax). However, it is important to recognize that these values have to be used with caution, since they can be falsely elevated due to the attenuation correction when measured in close proximity to a metallic object. For this reason, a semi-quantitative count ratio on non-attenuation-corrected images is likely superior to SUVmax (compared to an organ of reference, i.e., lung, mediastinum or liver parenchyma). In addition, whole-body acquisition allows for the detection of silent embolic events and extracardiac abnormal uptakes.
Autologous radiolabelled WBC scintigraphy with 111In-oxine was introduced in the mid-1970s. Over the years, it has been mainly substituted by 99mTc-HMPAO, which has more advantageous physical characteristics, cost, availability, and lower radiation burden[18]. 99mTc has a shorter imaging time because of a half-life of 6 h compared to 67 h for Indium. However, Indium is often preferred for the detection of CIED infection and PVE since it allows acquisitions over a longer period of time (up to 72 h).

There are several methods for labelling WBC, but the main principles and technique are similar. Around 40-60 mL of venous blood is taken from the patient and then combined to 10 mL of acid-citrate-dextrose anticoagulant solution. This syringe is then put in an upright position for 1 to 2 h to facilitate erythrocyte sedimentation by gravity. After erythrocytes have been removed, blood centrifugation is then performed to separate leukocytes from platelets. HMPAO is labelled with 99mTc and incubated for 15 min with leukocytes. The routine dose of 111In labelled leukocytes is 10-20 MBq (0.3-0.5 mCi) while the quantity of 99mTc-HMPAO labelled leukocytes is 185-370 MBq (5-10 mCi). Radiolabelled leukocytes are separated from HMPAO by centrifugation. The majority of labelled leukocytes are neutrophils. For this reason, the procedure is mainly useful for identification of a neutrophil-mediated process, such as a bacterial infection. A labelling efficiency of at least 40% should be achieved. Radiolabelled leukocytes are tested by the trypan blue exclusion test for viability. The cells are then resuspended in plasma before reinjection into the patient. For 99mTc-HMPAO labelled leukocytes, the scintigraphy is performed 4 and 24 h (delayed images) after injection, and sometimes 48 h or rarely 72 h for 111In labelled leukocytes. Images are acquired using a SPECT/CT system. Scintigraphy is considered positive when an area of labelled WBC uptake superior to background activity is identified in the involved area and when the signal increases over time.

DEVICE INFECTION
CIED infection is associated with significant morbidity and mortality. Device infection prevalence is increasing in parallel with broader indications for ICD implantation and cardiac resynchronization, the presence of more comorbidities, and the growing number of implants in the world[19]. It is known however that the infection burden increases more than the increase in device implantations. This is probably related to more comorbidities and change in pathogens[20]. Cardiac device infections can present as a superficial or deep generator pocket infection or cardiac-device-related IE with involvement of the leads and/or extension to cardiac valves. It should be initially suspected in patients with CIED who consult for unexplained fever. Deep pocket infection and/or lead infection require complete system extraction. However, superficial infection not in contact with the device can be treated with antibiotic therapy alone. The diagnosis is sometimes quite obvious in the presence of significant pocket redness or pus, bacteremia or lead vegetation on TEE. Unfortunately, several cases are more complicated to assess. Since device and lead extraction can be associated with significant morbidity (major complications = 1.5%-2%) and mortality (0.8%) even in an experienced center, a definite diagnosis is important[21]. On the other hand, CIED infection can be overestimated with echocardiography since non-infectious accretions can be found in up to 21% by TTE and 28% by TEE in CIED patients without infection[22]. These patients can have fever or bacteremia for another reason. Thus, another form of imaging is proposed before proceeding to extraction/surgery.

Studies using 18F-FDG PET/CT
The first report of cardiac infection detected by 18F-FDG PET was published in 2006[23]. Afterwards, 2 small pilot studies were published on device infection and 18F-FDG PET/CT. Bensimhon et al[24] evaluated the diagnostic value of 18F-FDG PET/CT in 21 patients with presumed device infection, which were compared to 14 patients without infection. 18F-FDG PET/CT had a sensitivity and specificity of 80% and 100%, respectively for diagnosis of infection. Patients with false negative studies for lead infection had received antibiotics for a longer period of time prior to the 18F-FDG PET/CT (20 d vs 3.2 d; P < 0.01). The sensitivity was lower for the diagnosis of lead infection (60% compared to 100% for pocket infection). Ploux et al[25] investigated the role of 18F-FDG PET/CT in 10 patients with CIED and fever of unknown origin. These patients were compared to a control group of 40 patients. 18F-FDG PET/CT showed increased 18F-FDG uptakes along the leads in 6 out 10 patients who had initial comprehensive negative investigation. Subsequently, these patients had complete extraction of the implanted material and lead cultures were positive on all 6 patients. This showed the promising value of 18F-FDG PET/CT in difficult CIED cases.
In 2012, our group evaluated the usefulness of 18F-FDG PET/CT for the identification of CIED infection[26]. We compared 3 groups: 42 patients with suspected CIED infection, 12 patients with recent device implantation (between 4 and 8 wk postoperatively) but no clinical signs of infection, and 12 patients with devices implanted for more than 6 mo and also no device infection. We showed an excellent correlation between sites of 18F-FDG uptakes on 18F-FDG PET/CT and clinical findings on TEE or at the time of extraction. 18F-FDG PET/CT using a qualitative visual score had a sensitivity and specificity for diagnosis of CIED infection of 89% and 86%, respectively. We also demonstrated that 18F-FDG PET/CT could identify patients with superficial infection without direct involvement of the generator or leads that could be treated only with antibiotics. Negative 18F-FDG PET/CT identified a group of patients that had an excellent outcome without device extraction. Finally, we were able to identify a semi-quantitative ratio between the maximal uptake and normal lung parenchyma uptake, which was useful in differentiating between CIED infection and residual normal post-operative changes; a ratio of 1.5 had the best combination of sensitivity and specificity. Based on this information, we suggested an algorithm using 18F-FDG PET/CT for the evaluation of CIED infection (Figure 2). An important clinical aspect of 18F-FDG PET/CT is its high negative predictive value.
Since, Cautela et al[27] demonstrated that 18F-FDG PET/CT had a high accuracy for the diagnosis of skin and pocket CIED infection (sensitivity 86.7% and specificity 100%), but a lower sensitivity of only 30.8% and a specificity of 62.5% for lead or cardiac involvement. Many patients with a false-negative test were already on antibiotics. The size of the vegetations might also have influenced the results. It cannot be excluded that some patients with lead extraction had a non-infectious cause for the vegetations seen on the lead. Finally, a possible limitation of this study is suboptimal patient preparation in order to partially explain the lower sensitivity observed for lead or cardiac involvement. It is of the utmost importance to make sure that physiologic myocardial uptake is suppressed to be able to realize an optimal evaluation. Ideally, every patient should be prepared with the Atkins diet and receive a heparin bolus before 18F-FDG injection. Ahmed et al[28] demonstrated that 18F-FDG PET/CT had a high diagnostic accuracy for the detection of patient with pocket infection that eventually required extraction. They find that the optimal semi-quantitative ratio cut-off value for the early identification of patients with pocket infection was >2.0, giving a sensitivity of 97% and a specificity of 98%.
Figure 3 shows a positive 18F-FDG PET/CT in a patient with a deep pocket infection, while Figure 4 shows another positive 18F-FDG PET/CT but in a patient with a lead infection. Note how the physiologic myocardial uptake is well suppressed in this case.

Studies using WBC SPECT/CT
The diagnostic accuracy of radiolabelled WBC scintigraphy was evaluated by Erba et al[29]. They obtained a sensitivity of 94% for both detection and localization of CIED infection. Two cases of false-negative scans were seen in patients with Candida and Enterococcus infection. No false-positive studies were seen, confirming the high specificity of this technique. They demonstrated the superiority of SPECT/CT over planar and SPECT alone imaging.
Based on these studies, 18F-FDG PET/CT and WBC SPECT/CT might play an additional role in the diagnosis of CIED infection, but data were judged not sufficient at the moment to be incorporated into the diagnostic criteria of IE involving pacemaker or defibrillator leads in the latest European guidelines[1]. Overall, 18F-FDG PET/CT seems to have an excellent sensitivity for the diagnosis of pocket infection, but a lower sensitivity in the context of lead infection.

PROSTHETIC VALVE INFECTION
Early diagnosis of PVE is also challenging. PVE is a severe form of IE and accounts for 10%-30% of all cases of IE. The diagnosis is often more difficult than in native valve endocarditis. Since the initial echocardiography is often normal or inconclusive in PVE, other imaging techniques are sometimes necessary. The use of 18F-FDG PET/CT in patients with PVE has evolved as a useful tool.

Studies using 18F-FDG PET/CT
Case reports have demonstrated the possible benefits of 18F-FDG PET/CT in the diagnosis of prosthetic valves[30]. Saby et al[31] demonstrated the incremental benefit of using abnormal 18F-FDG uptake as a major criterion for the modified Duke criteria in the detection of PVE. They have shown that 18F-FDG PET/CT significantly increases the sensitivity of IE diagnosis from 70% to 97% (P = 0.008) on admission. They determined that 18F-FDG PET/CT had an adequate diagnostic value when abnormal 18F-FDG uptake is found near the prosthetic valve. They also showed that abnormal 18F-FDG uptake could be seen prior to detection of valvular damage by echocardiography in multiple patients, which emphasizes the benefit of 18F-FDG PET/CT to identify active infection before important damage has occurred.
Rouzet et al[32] evaluated the ability of 18F-FDG PET/CT and radiolabelled WBC imaging to diagnose PVE in 39 patients with presumed PVE but inconclusive echocardiography findings. 18F-FDG PET/CT had a higher sensitivity (93% vs 64%) but leukocyte scintigraphy had a higher specificity (100% vs 71%). Since it has a higher specificity for the detection of IE, it could be used in cases of equivocal 18F-FDG PET/CT or within the initial two months after heart valve surgery[32].
18F-FDG PET/CT can reduce the rate of misdiagnosed IE and help in the detection of peripheral events, including silent vascular phenomenon. 18F-FDG PET/CT can identify lesions of clinical importance not detected by conventional work-up in one out of seven IE patients[33]. It also improves the sensitivity of the modified Duke criteria in the most difficult situations. When endocarditis on a prosthetic valve is suspected, abnormal uptake around the site of insertion identified by 18F-FDG PET/CT (but more than 3 mo after prosthesis implantation) or radiolabelled WBC SPECT/CT could be considered a major diagnostic criterion. Results of 18F-FDG PET/CT should always be examined together with the other conventional diagnostic tools (clinical, microbiological and echocardiographic data). In addition, 18F-FDG PET/CT can be considered to monitor response to antibiotic therapy. 

Studies using WBC SPECT/CT
Erba et al[34] assessed in another study the value of 99mTc-HMPAO leukocyte scintigraphy in 131 patients with suspected endocarditis. In these patients, 51 had a confirmed diagnosis of IE and 35 had PVE (69%). Scintigraphy had a sensitivity of 90% and a specificity of 100%. No false-positive cases were seen, including patients evaluated for IE during the first two months after their surgery. However, false-negative studies were seen with Candida and Enterococcus endocarditis. It also identified cases of septic embolism. The test could be useful in patients with a high suspicion of IE but inconclusive TEE, in differentiating between infective and sterile vegetations identified with echocardiography, when other tests are contradictory, and to exclude valve involvement in patients with sepsis and prosthetic valve. In another study, Hyafil et al[35] looked at the role of radiolabelled leukocyte imaging in patients with presumed PVE and unconvincing echocardiography. They showed an excellent positive predictive value of intense signal with WBC scintigraphy for the presence of an abscess. Also, a negative scan predicted the absence of recurrent endocarditis in medically treated patients. Downsides of radiolabelled leukocyte scintigraphy are the necessity of blood handling, a longer procedure time, and a somewhat lower spatial resolution in contrast to 18F-FDG PET/CT.
Figure 5 shows a positive 111In WBC SPECT/CT in a patient with endocarditis following an aortic valve replacement.
Table 2 shows the sensitivity and specificity of both 18F-FDG PET/CT and WBC SPECT/CT in the diagnosis of CIED infection and PVE.

LIMITATIONS
Despite its benefits, 18F-FDG PET/CT can have false-positive and false-negative results. Postoperative inflammatory changes can lead to non-specific 18F-FDG uptakes during the first several weeks after surgery, mainly following cardiac surgery or device implantation. Abnormal 18F-FDG uptake could also be caused by BioGlue surgical adhesive, a combination of bovine serum albumin and glutaraldehyde, used to seal the aortic root graft at time of surgery[36]. In addition, possible uptakes can be found in active thrombi, cardiac tumours or metastasis, post-surgical inflammation, and foreign body reactions like vascular grafts. At the other end of the spectrum, 18F-FDG PET/CT might be negative in patients with lower inflammation or when the test is performed after a long period of antibiotic therapy. The validity of 18F-FDG PET/CT in the context of slowly evolving infections is still unknown. Because of the high glucose metabolism in the brain, 18F-FDG PET/CT might not be the best test in order to detect infectious embolisms to the brain. However, an advantage of 18F-FDG PET/CT is the possibility to identify non-infectious causes of fever or underlying neoplasm. As opposed to echocardiography, cardiac nuclear imaging does not evaluate hemodynamic conditions associated with IE, such as valvular regurgitation, cardiac output, pulmonary arterial pressure and ventricular function. Another important issue remains that 18F-FDG PET/CT is less accessible than WBC SPECT/CT. The study quality could be improved by using respiratory and ECG gated techniques. This could minimize imaging artefacts, although it is technically more challenging and time-consuming. Cardiac nuclear imaging is a source of radiation. Administration of approximately 200 MBq of 18F-FDG for a PET study represents an effective dose between 3 and 4 mSv, which is similar to a low-dose CT. Then the total dose for a PET/CT would be approximately 7.5 mSv[37]. A follow-up study to monitor response to antibiotic therapy would increase radiation exposure. However, an initial PET scan combined to a low-dose CT and followed by a subsequent study would be equivalent to a percutaneous coronary intervention or an atrial fibrillation ablation procedure (approximately 15 mSv)[38].

GUIDELINES
The ESC guidelines for the management of infectious endocarditis were updated in 2015[1]. The Task Force added 18F-FDG PET/CT or radiolabelled WBC SPECT/CT as a new major criterion if abnormal FDG uptakes are found around the area of prosthetic valve implantation in patients with a prosthesis implanted for more than 3 mo[1]. Nuclear imaging has also been incorporated in the new algorithm for the diagnosis of IE when the diagnosis is still possible or has been dismissed but when a high index of suspicion is still present (Figure 6). However, despite data for the key role of 18F-FDG PET/CT in the diagnosis of CIED infection, actual studies were judged insufficient to incorporate the results of 18F-FDG PET/CT at this time as a diagnostic criterion for device infection. For the moment, 18F-FDG PET/CT or radiolabelled leukocyte scintigraphy have a class IIb level of evidence C indication as an additional tool in patients with suspected CIED infection, positive blood cultures and negative echocardiography[1]. Also, the AHA scientific statement on IE judged that more clinical trials are still required to better clarify the utility of 18F-FDG PET/CT for the diagnosis and management of endocarditis[9]. Since most studies on cardiac radionuclide imaging have been published in the past 5 years, the use of 18F-FDG PET/CT in device infection was not discussed in the 2010 AHA scientific statement on CIED infections and their management[21].
Based on the recent ESC guidelines and previous studies, cardiac nuclear imaging could be considered in the following circumstances (Table 3): (1) Accepted indication[1]: Possible or rejected IE diagnosis based on the modified Duke criteria, but persistent high clinical suspicion of infection in patients with a prosthetic valve; and (2) Potential indications: Unclear diagnosis of CIED infection; Evaluation of the extent of infection when the results would affect the management of the patient, for example differentiation between superficial and deep pocket infection where device and lead extraction is recommended; Bacteremia with organisms not commonly a source of IE or fever of unknown origin in patients with CIED; High clinical suspicion of IE but negative TEE and/or negative blood cultures; Search for embolic events when it would affect the management of the patient; Monitoring the success of antibiotic therapy in medically treated patients.

FUTURE STUDIES
So far, available data on the diagnosis of CIED infection and PVE with either 18F-FDG PET/CT or WBC SPECT/CT come from small studies and limited number of patients. Larger studies would be useful to confirm the preliminary data suggesting the additional benefit of cardiac nuclear imaging. Despite encouraging results, some questions need to be answered. Is the use of 18F-FDG PET/CT cost-effective? Also, what is the consequence of prolonged antibiotic therapy prior to 18F-FDG PET/CT? There is also a need for standardization of the imaging techniques available since the imaging and data acquisition protocols are sometimes different from one center to another. There is still a need for further prospective studies in this field of research before 18F-FDG PET/CT should be systematically performed for the diagnosis of IE or used as a first line investigation. At the moment, it should be restricted to difficult cases of suspected CIED infection or PVE.

CONCLUSION
18F-FDG PET/CT appears to be a very promising imaging technique for the diagnosis of device infection and prosthetic valve endocarditis. Based on recent publications, there is growing evidence that cardiac nuclear imaging can play a key role in the diagnosis and management of patients with suspected CIED infections and PVE. This is now reflected in the most recent published guidelines. Although echocardiography remains an important initial test in the evaluation of these patients, 18F-FDG PET/CT and WBC SPECT/CT have clearly demonstrated their usefulness, mainly in difficult cases. Larger prospective studies will help to confirm the benefits of 18F-FDG PET/CT and clarify its role in the different algorithms of device and valve infections.
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Table 1 Advantages and limitations of 18F-fluorodeoxyglucose positron emission tomography/computed tomography and white blood cell single-photon emission computed tomography/computed tomography for the diagnosis of device infection and prosthetic valve endocarditis
	Advantages
	Limitations

	18F-FDG PET/CT

	Excellent spatial resolution
	Moderate radiation exposure (8-30 mSv depending on the study performed)

	Short acquisition time
	Not available in several centers

	High sensitivity for the detection of hypermetabolic activity
	Physiological uptake of 18F-FDG in the myocardium might prevent adequate detection of cardiac infection

	Detection of peripheral events
	Recent surgery may demonstrate residual inflammatory changes without evidence of infection

	Detection of other sources of fever or bacteremia in patients with CIED
	Possible uptakes can be found in active thrombi, cardiac tumours or metastasis, and foreign body reactions

	Detection of CIED infection and PVE in cases of a negative TEE
	Possible false-negative test in patients with small vegetations or prolonged antibiotic therapy

	
	Less useful for infectious brain embolisms because of high glucose metabolism in the brain

	WBC SPECT/CT

	High specificity for the presence of active infection
	Time-consuming

	
	It involves blood products handling

	
	Cases of false-negative study seen with Candida and Enterococcus infection



CIED: Cardiovascular implantable electronic device; 18F-FDG PET/CT: 18F-fluorodeoxyglucose positron emission tomography/computed tomography; PVE: Prosthetic valve endocarditis; TEE: Transesophageal echocardiography; WBC SPECT/CT: Radiolabelled white blood cell single-photon emission computed tomography/computed tomography.

Table 2 Sensibility and specificity of 18F-fluorodeoxyglucose positron emission tomography/computed tomography and white blood cell single-photon emission computed tomography/computed tomography for both prosthetic valve endocarditis and cardiac device infection

	
	Test
	Sensibility
(%)
	Specificity
(%)
	Positive predictive value
(%)
	Negative predictive value
(%)
	Accuracy
(%)

	Prosthetic valve endocarditis

	Saby et al[31]
	PET/CT
	73
	80
	85
	67
	76

	Rouzet et al[32]
	PET/CT
WBC
	93
64
	71
100
	68
100
	94
81
	80
86

	Erba et al[34]
	WBC
	90
	100
	100
	94
	N/A

	Cardiovascular implantable electronic device infection

	Bensimhon et al[24]
	PET/CT
Pocket
Lead
	80
100
60
	100
100
100
	100
100
100
	84.6
100
73
	N/A
N/A
N/A

	Ploux et al[25]
	PET/CT
	100
	93
	N/A
	N/A
	N/A

	Sarrazin et al[26]
	PET/CT
	88.6
	85.7
	N/A
	N/A
	N/A

	Cautela et al[27]
	PET/CT
Pocket
Lead
	
86.7
30.8
	
100
62.5
	
N/A
N/A
	
N/A
N/A
	
N/A
N/A

	Ahmed et al[28]
	PET/CT
Pocket
	
97
	
98
	
N/A
	
N/A
	
N/A

	Erba et al[29]
	WBC
	93.7
	100
	100
	93.9
	96.8



N/A: Not available; PET/CT: Positron emission tomography/computed tomography; WBC: White blood cell.


Table 3 Indications for the use of cardiac nuclear imaging in the context of cardiovascular implantable electronic device infection and prosthetic valve endocarditis

	
Accepted indication

	Possible or rejected IE, but high suspicion of infection in patients with prosthetic valve

	Potential indications

	
Unclear diagnosis of CIED infection
Evaluation of the extent of infection 
Bacteremia or fever of unknown origin in patients with CIED
Cases with high clinical suspicion of IE but negative TEE and/or negative blood cultures
Search for embolic events
Monitoring the success of antibiotic therapy




CIED: Cardiovascular implantable electronic device; IE: Infective endocarditis; TEE: Transesophageal echocardiography.
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Figure 1 Different modalities in cardiac nuclear imaging. A: Planar scintigraphy with a single two-dimensional image; B: Single photon emission computed tomography (SPECT) displayed as transverse, sagittal, coronal and MIP attenuation corrected (top row) and uncorrected images (bottom row); C: Hybrid SPECT/CT with precisely registered CT image.
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Figure 2 Proposed algorithms incorporating 18F-fluorodeoxyglucose positron emission tomography/computed tomography in the evaluation and management of patients with possible device infection. A: Initial CIED infection suspicion; B: Patients with cardiac device and bacteremia or fever of unknown origin (FUO). (Reprinted from Sarrazin JF, Philippon F, Tessier M, Guimond J, Molin F, Champagne J, Nault I, Blier L, Nadeau M, Charbonneau L, Trottier M, O’Hara G. Usefulness of fluorine-18 positron emission tomography/computed tomography for identification of cardiovascular implantable electronic device infections. J Am Coll Cardiol 2012; 59: 1616-1625, with permission from Elsevier). CIED: Cardiovascular implantable electronic device; PET/CT: Positron emission tomography/computed tomography; TEE: Transesophageal echocardiography.
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Figure 3 Positive 18F-fluorodeoxyglucose positron emission tomography/computed tomography in a patient with a deep pocket infection shown by focal 18F-fluorodeoxyglucose uptake just underneath the generator (red arrow). A: SPECT displayed as transverse, sagittal, and coronal attenuation corrected (top row) and uncorrected images (bottom row); B: Hybrid SPECT/CT displayed as transverse, sagittal, and coronal images. SPECT/CT: Single-photon emission computed tomography/computed tomography.
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Figure 4 Positive 18F-fluorodeoxyglucose positron emission tomography/computed tomography in a patient with a lead infection (red arrow). A: SPECT displayed as transverse, sagittal, and coronal attenuation corrected (top row) and uncorrected images (bottom row); B: Hybrid SPECT/CT displayed as transverse, sagittal, and coronal images. SPECT/CT: Single-photon emission computed tomography/computed tomography.
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Figure 5 Positive 111In white blood cell single-photon emission computed tomography/computed tomography in a patient with endocarditis following an aortic valve replacement (red arrow). A: SPECT displayed as transverse, sagittal, and coronal attenuation corrected (top row) and uncorrected images (bottom row); B: Hybrid SPECT/CT displayed as transverse, sagittal, and coronal images. SPECT/CT: Single-photon emission computed tomography/computed tomography.
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Figure 6 European Society of Cardiology 2015 algorithm for diagnosis of infective endocarditis. Reprinted from Habib G, Lancelloti P, Antunes MJ, Bongiorni MG, Casalta JP, Del Zotti F, Dulgheru R, El Khoury G, Erba PA, Iung B, Miro JM, Mulder BJ, Plonska-Gosciniak E, Price S, Roos-Hesselink J, Snygg-Martin U, Thuny F, Tornos Mas P, Vilacosta I, Zamorano JL; Document Reviewers, Erol Ç, Nihoyannopoulos P, Aboyans V, Agewall S, Athanassopoulos G, Aytekin S, Benzer W, Bueno H, Broekhuizen L, Carerj S, Cosyns B, De Backer J, De Bonis M, Dimopoulos K, Donal E, Drexel H, Flachskampf FA, Hall R, Halvorsen S, Hoen B, Kirchhof P, Lainscak M, Leite-Moreira AF, Lip GY, Mestres CA, Piepoli MF, Punjabi PP, Rapezzi C, Rosenhek R, Siebens K, Tamargo J, Walker DM.  2015 ESC Guidelines for the management of infective endocarditis: The Task Force for the Management of Infective Endocarditis of the European Society of Cardiology (ESC).  Endorsed by: European Association for Cardio-Thoracic Surgery, the European Association of Nuclear Medicine. Eur Heart J 2015; 36: 3075-3128. Reprinted by permission of Oxford University Press (UK)© European Society of Cardiology, www.escardio.org/”. This image/content is not covered by the terms of the Creative Commons license of this publication. For permission to reuse, please contact the rights holder). IE: Infective endocarditis; TTE: Transthoracic echocardiography; 18F-FDG PET/CT: 18F-fluorodeoxyglucose positron emission tomography/computed tomography; SPECT/CT: Single-photon emission computed tomography/computed tomography.
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CT = computed tomography; FDG = fluorodeoxyglucose; IE = infective endocarditis;

PET = positron emission tomography; SPECT = single photon emission computerized tomography;
TOE = transoesophageal echocardiography; TTE = transthoracic echocardiography.

May include cerebral MRI, whole body CT,and/or PET/CT.

*See Table 14.





